We have studied the morphology of wings of Drosophila mediopunctata employing the ellipse method, a procedure that allows precise descriptions of wing size (SI), wing shape outline (SH), and placement of longitudinal wing veins. We have found that the SH and the points which determine the position of the apices of the third, fourth and ®fth longitudinal wing veins show high heritability in nature (the lower bound for the natural heritability is above 0.25). The values found are similar to those obtained for the broad-sense heritabilities (H 2 ) in the laboratory. However, SI and the point which determines the apex of the second longitudinal wing vein showed small lower bounds for heritability in nature, 0.05 and 0.07, respectively, in spite of the high estimates of H 2 in the laboratory. These results suggest that size and shape have dierent genetic properties. We observed a high positive phenotypic correlation between the SH, the fourth and the ®fth longitudinal wing veins, which contrasts with a negative correlation between these traits and the second longitudinal vein. That is, as the SH gets longer, the apices of the second and ®fth veins become closer to each other. Positive genetic correlations in the ®eld were detected between SH, the fourth and the ®fth longitudinal veins and also between the third and the fourth veins.
Introduction
Morphological variation among natural Drosophila populations has been documented in many parts of the world, using characters correlated to body size, such as thorax and wing length. Many of these studies show latitudinal and altitudinal clines in the genetic component determining these traits in several species and continents (Prevosti, 1955; Pfriem, 1983) . They are taken as evidence of the adaptive nature of changes in body size, generally explained by selection associated with temperature, as is also observed in laboratory studies (Powell, 1974) . Wing shape variation is also adaptive in relation to temperature in Drosophila melanogaster (Cavicchi et al., 1991) where a dierential eect on wing compartments is seen, with a greater eect on the posterior compartment than on the anterior one. Natural populations of the same species also show dierences in wing shape, again mainly in the posterior compartment (Imasheva et al., 1995; Pezzoli et al., 1997) . Thus, these studies suggest that not only wing size, but also wing shape, are important targets for natural selection.
A necessary condition for adaptive evolution is the presence of additive genetic variance in natural populations determining the trait under selection. The amount of additive genetic variance (r 2 A ) is usually expressed as its ratio to the total phenotypic variance (r 2 P ), a ratio called the narrow-sense heritability (h 2 r 2 A/ r 2 P ). This determines the potential for evolutionary change of a trait and the rate at which it will respond to selection. Heritabilities for characters related to body size have been estimated in the ®eld and signi®cant values were found for Drosophila melanogaster (Coyne & Beecham, 1987) and Drosophila buzzatii (Ruiz et al., 1991) , and laboratory studies have shown even higher values (Weigensberg & Ro, 1996) . Pezzoli et al. (1997) obtained a large value for the broad-sense heritability for the contribution of the area of dierent wing regions to the total wing area. However, to our knowledge, no previous study has focused on wing shape heritability in natural populations of Drosophila.
Besides r A 2 , another factor that aects the rate of evolution of a given trait is its genetic correlation with other traits. This is because natural selection acts on the phenotype of the whole individual, and hence the progress of selection on one trait may be aected by selection on a dierent genetically correlated trait. Thus, the evolution of size and shape depends not only on their r A 2 s, but also on the pattern of genetic covariation among all traits (Lande & Arnold, 1983) . Measuring heritabilities and genetic correlations in nature allows the estimation of the capacity of characters to evolve by natural selection and of their sensitivity to environmental variation.
The measurements taken to describe morphology are also of central importance. The better we describe morphology the better we will understand its variation. Wing size and shape have been described by choosing linear distances between landmarks in the wing, i.e. intersections of veins or junctions of veins and the contour of the wing. There are some major problems when the linear distances between these landmarks are used to describe the wing morphology: (i) it does not allow a simple geometric interpretation; (ii) changes in wing contour may be confounded with changes in wing vein displacement; and (iii) we cannot attribute the variation observed in the linear distance between any pair of veins to the displacement of one vein or the other. Other approaches to this issue include Fourier analysis (Cavicchi et al., 1991) and the estimation of the area of dierent wing regions and their contribution to the total area of the wing (Pezzoli et al., 1997) . In a previous publication, we proposed the use of an ellipse to describe the shape of the wing outline in Drosophila (Klaczko & BitnerMatheÂ , 1990 ). This is a simple geometric method that permits an easy and precise reconstruction of wing size and shape. Changes in the placement of wing veins may also be described by the angular distance between points of junction of veins and wing contour and the major axis of the ellipse. Moreover, all measurements obtained by the ellipse method are geometrically independent.
Drosophila mediopunctata belongs to the tripunctata group of the subgenus Drosophila and has a wide geographical distribution; it has been found in many parts of Brazil (Val et al., 1981) . Previous studies on this species focused on morphological and genetic aspects (see Klaczko, 1995 for a review). The objectives of the present paper are: (i) to describe the pattern of wing size and shape variation in a natural population using the ellipse method for the ®rst time; (ii) to estimate natural heritabilities and the genetic correlations between wing size and wing shape.
Materials and methods

Field collection
Male and female Drosophila mediopunctata were collected with banana baits in July 1990 at Morro Santana, a forest area near Porto Alegre city (State of Rio Grande do Sul, Brazil; 30°04¢S; 51°19¢W). The females were placed individually in shell vials in a fresh culture medium and kept at constant room temperature (16.5°C) to establish isofemale lines. Every day they were transferred to a new vial to avoid larval overcrowding (each vial produced fewer than 20¯ies). Up to three F 1 females were taken from each isofemale strain. Each F 1¯y came from a dierent vial to avoid common environment eects.
Wing measurements
The right wing of each¯y was dissected and mounted on a slide. Cartesian co-ordinates were taken of 40 points on the wing outline (magni®ed 55´) using a digitizing pad connected to a microcomputer. Then, the parameters of the ellipse were estimated (Fig. 1) as described previously (Klaczko & Bitner-MatheÂ , 1990; Klaczko, 1995) . Brie¯y, a shape-free measure of size (SI) can be obtained using the geometric mean of the two radii (a and b) of the ellipse (SI Öab) . This measure is equal to the radius of a circle with the same area as the ellipse. On the other hand, the ratio b/a is a size-free measure of an ellipse outline shape (SH). The ellipse can also be used to characterize the position of the points A, B, C, D, E and J. This is performed using the angle between the line that joins the point and the origin of the ellipse and the major axis. For example, for B, the angle h B is the angle between BO and the major axis, where O is the centre of the ellipse. Thus, the positions of those six points were measured by the angles h A , h B , h C , h D , h E and h J .
Heritability
Wild-caught females and their daughters were used to estimate the genetic components of variance of the wing traits in the ®eld and in the laboratory. We have assumed that the F 1 ospring from wild-caught females were full-sibs. In Drosophila melanogaster it was observed that after insemination females were unreceptive to males' attention until the depletion of the sperm saved in the spermathecae (Gromko et al., 1984) .
Estimates of genetic parameters in nature should ideally be obtained by measuring relatives in the same environment. Dierent environments may alter the relative values of dierent genotypes, causing a genotype-by-environment interaction that can bias estimates of heritabilities and genetic correlation (Gupta & Lewontin, 1982) . However, this approach is impracticable in the case of Drosophila, as it is in many other organisms as well. To circumvent the diculties of estimating genetic parameters in nature directly, Lande showed, in an appendix to Coyne & Beecham (1987) , that sometimes it is possible to estimate heritabilities in nature (h 2 N ) by regressing ospring raised in the laboratory on their parents raised in the natural environment, i.e. b (Ol.Pn) ( r An cr Al /r 2 Pn , where c is the additive genetic correlation between the trait in nature and the same trait in laboratory; r 2 An and r 2 Al are the additive genetic variances in nature and in the laboratory, respectively; and r 2 Pn is the phenotypic variance in nature). We have included families with one, two or three F 1 laboratory females and obtained a natural heritability estimate by doubling the regression coecient of the F 1 means on their wild-caught mothers' values, i.e. 2b (Ol.Pn) . Dierences between r . The squared regression coecient was multiplied by 4, because we have used only one parent; V Pn is the estimate of phenotypic variance among wild-caught females and V Al is an estimate of additive genetic variance in the laboratory obtained by doubling the covariance between the F 1 female lines reared in laboratory (Becker, 1992) . The estimate of the additive genetic variance by full-sib covariances (COV FS ) in the laboratory may be in¯ated by dominance and maternal eects. However, in this case, the lower bound heritability becomes more conservative, unless the estimate of b (Ol.Pn) is also aected, as by maternal eects.
Phenotypic and genetic correlation
The matrices of phenotypic correlation between wing traits were obtained from males and females in the ®eld and from laboratory-reared F 1 females.
We have tried to identify clusters of original wing variables by applying a principal components analysis (PCA) to each of these matrices. The PCA is a method that allows one to identify the major patterns of correlations among measurements and summarize as much of the information (variation) in the data as possible in few dimensions Ð the principal components (PC). The coecients of the principal components, obtained from a correlation matrix, are the correlation coecients of each of the original variables with each component. Their square represents the fraction of the variance of each original variable explained by each of the components. They also indicate, indirectly, the relationships among the original variables themselves (Ne & Marcus, 1980) . The genetic correlation (r G ) in nature was estimated as the arithmetic mean of two reciprocal betweentrait ospring±parent covariances (using wild-caught females and their laboratory-reared daughters) divided by the geometric mean of the within-trait ospring± parent covariances (Falconer, 1989) . The usefulness of this estimate depends critically on the magnitude of genotype±environment interaction, as it does not contain either the desired between-trait genetic correlation in nature, or the between-trait genetic correlation in the laboratory. Using the lower bound of heritability in nature (ch 2 N ), we can sometimes show that the additive genetic correlation in nature has the same sign as the phenotypic correlation (r P ). A lower bound of h 
Results
Wild-caught and laboratory-reared¯ies Table 1 shows the basic statistics for the wing traits analysed in wild-caught¯ies (males and females) and in F 1 laboratory females reared at 16.5°C. The eect of sex was revealed in comparisons between wild-caught males and females; their means diered signi®cantly in most traits (h D and h E are the exceptions). A comparison between laboratory-reared females and their wildcaught mothers revealed environmental eects. These eects were signi®cant for size (laboratory¯ies were larger) and for most angles (h J and h A are the exceptions). However, the wing shapes of laboratoryreared females and their wild-caught mothers were not very dierent.
Variances and heritability
It is interesting to compare not only the means, but also the phenotypic variances between wild-caught and laboratory females, because they may be increased by environmental variation in natural habitats. The greater eect of the environmental variation on the variation of the wing size than on the wing shape can be observed by comparing the coecients of variation obtained for the wild-caught females and the laboratory-reared ones (Table 1) . These results suggest that the natural environment is more variable than the laboratory environment, and that size is strongly aected by environmental variation. We also observed heterogeneity between wild and laboratory estimates of the coecients of variation for h J , h B , h C and h D .
The estimates of natural heritabilities are shown in Table 2 . SH, h C , h D and h E showed a high heritability in the ®eld as indicated in both the cross-environmental (2b (Ol.Pn) ) and the lower bound (c 2 h 2 N ) estimates. Concerning these traits, the 2b (Ol.Pn) /c 2 h 2 N ratio (k) was very close to one suggesting an equivalence of the additive genetic variances between environments and the absence of genotype±environment interactions (Riska et al., 1989) . However, as natural heritability estimates were obtained by regressing ospring on mothers, we cannot discard the possibility that SH, h C , h D and h E are aected by cytoplasmic inheritance. On the other hand, for SI, h J , h A and h B , no conclusion could be drawn on the accuracy of the value of natural heritability from ospring±parent regression across the two environments (k > 1). These estimates could be biased by dierences between the additive genetic variance in nature and in the laboratory and by genotype±environment interactions. Anyway, the lower bounds for heritability estimated in nature can still be considered, being less than 0.07 for all of them. Table 3 shows the phenotypic correlation coecient (r P ) among wing traits. The results of the PCA applied to these matrices are shown in Fig. 2 . Looking for a general pattern, we can recognize a positive correlation between SH, h D and h E , contrasting with a negative correlation with h B . This suggests that there is a part of the variation of the wing morphology characterized by the fact that when the wings become longer (the ratio b/a decreases), the second vein gets closer to the tip of the wing (h B increases), as also do the fourth and ®fth veins (h D and h E decrease; notice that they are in the third quadrant of the ellipse). Moreover, we also observed a gradient in the magnitude of the correlation coecients between h B , h C , h D and h E . For example, changes in the placement of the second longitudinal wing vein (h B ) are highly positively correlated with changes in the placement of the third one (h C ). The correlation decreases in relation to the fourth longitudinal vein, being negatively correlated with the ®fth one. A high positive correlation between h J and h A was also observed. However, the variation in the wing size was distributed in dierent ways in the dierent analyses.
Phenotypic and genetic correlation matrices
Although there were signi®cant phenotypic correlations between many of the traits analysed, few signi®cant genetic correlations were detected. The ®rst approach, which applies the usual formula for measuring genetic correlation between traits, detected a positive correlation between h D and h E and between each of these and SH, all of which were of the same sign observed in the phenotypic correlation. The values obtained are: SH´h D 0.36 0.13; SH´h E 0.45 0.12; and h D´hE 0.45 0.13. For h C and SH, we have obtained a high negative genetic correlation ()0.72 0.11), which contrasts with the absence of signi®cant values for the phenotypic results. Using the alternative method, we estimated the maximum environmental contribution to the phenotypic correlation (r P ). It showed that, for SH and h E , as well as for h C and h D , the environmental correlation cannot account for the magnitude of r P .
Discussion
The ®tting of an ellipse to Drosophila wings has proved to be an ecient method for describing their variation. It allows us to identify and isolate variation in the wing outline and in the position of veins on the wing blade. The analyses of the parameters obtained by the adjusted ellipses show that wing traits in Drosophila produce dierent patterns of response when subjected to environmental variation. Wing size (SI) and the second longitudinal wing vein were the most sensitive traits, being in¯uenced in their means and variances by environmental changes. The variances of SI, h B and h C are greater in wild-caught females than in their daughters reared in the laboratory. To a certain extent, this is expected as a response to the reduction in environmental variation in the laboratory. Other authors, using characters related to body size in D. melanogaster, have Table 2 Heritability estimates of Drosophila mediopunctata wing traits. One hundred and six (106) families were studied, except for the cross-environment regression, where the number of families was 135 See text for explanations. *P < 0.05; **P < 0.01; ***P < 0.001. described similar results (Coyne & Beecham, 1987; Robertson, 1987; Gibert et al., 1998) .
The phenotypic variation being larger in the ®eld than in the laboratory may explain the low heritability we observed for SI in the former. Our results con®rm, as in several previous studies with Drosophila, that the estimates of size heritability in nature are generally low (Prout & Barker, 1989; Ruiz et al., 1991; Gibert et al., 1998; Bitner-MatheÂ & Klaczko, 1999) . However, if genotype-by-environment interactions (G G´E E) are present, one will obtain an underestimate of h 2 if one uses this experimental design (Lande, in Coyne & Beecham, 1987; Riska et al., 1989) . Both factors may contribute to the low estimated heritabilities. There is evidence of a G G´E E interaction for wing size and for other characters related to body size in D. mediopunctata (Bitner-MatheÂ et al., 1995) , in D. aldrichi and D. buzzatii (Barker & Krebs, 1995) , and in Drosophila melanogaster (David et al., 1994; De Moed et al., 1997a,b) . Interestingly, the shape of the wing outline (SH) was less sensitive to environmental changes and exhibited a high heritability in nature. Furthermore, the estimate of its heritability in nature was very close to the broadsense heritability (H 2 SH ) estimated in the more homogeneous environment in the laboratory (H 2 SH 0.59 0.14 which may be obtained by doubling the intraclass coecient in Table 2 ). In another natural population of Drosophila mediopunctata from a locality 1500 km away, we observed that shape variation had a high heritability in nature, close to or above 0.40 and did not vary signi®cantly temporally. On the contrary, size heritability estimates were nonsigni®cant in all but one month, when the estimate reached a value of 0.51 0.11 (Bitner-MatheÂ & Klaczko, 1999) .
The experimental design carried out in the present study was necessary to measure natural heritability; however, it was inconclusive in many aspects. An important factor is that for all the wing traits analysed, (Cavicchi et al., 1991; Imasheva et al., 1995; Pezzoli et al., 1997) . Moreover, the results suggest that size and shape have dierent genetic properties which may lead to dierent patterns of evolution.
We observed a consistent pattern of correlation among some wing traits that may induce or constrain changes in Drosophila wings. We emphasize the high positive correlation between the wing shape (SH), the fourth (h D ) and ®fth (h E ) longitudinal wing veins against a negative correlation of these traits with the second longitudinal vein (h B ), that is, as the wing shape gets longer, the apices of the second and ®fth veins become closer to each other. Moreover, there is a gradient of correlation among longitudinal wing veins, suggesting that changes in the position of each wing vein are in¯uenced by changes occurring in the nearest ones. For example, although the third and fourth veins are highly correlated, they are also in¯uenced by antagonistic changes in the more external ones described by h B and h E .
The correlations described above may express patterns of underlying genetic control. We have obtained evidence that the positive correlation between wing shape and the position of the fourth and ®fth wing veins and between the third and fourth veins are partially explained by their additive genetic correlation. Although we did not observe any signi®cant additive genetic correlation including the second wing vein, such a correlation may be present. The genetic correlation, as well as the natural heritability, using a mother from the ®eld and an F 1 reared in laboratory, would be underestimated if the traits are aected by G G´E E interactions. A comparison between genetic and phenotypic correlations reveals a close match between the two measures for morphological traits in dierent organisms (Cheverud, 1982; Ro, 1995; Waitt & Levin, 1998) . So, other phenotypic correlations observed between wing traits may also have a genetic component that we could not detect. In particular, wing shape and the position of wing veins have consistent phenotypic correlations with each other, which suggests their parallelism with genetic correlation.
There are compartments in the wing of Drosophila that re¯ect certain developmental restrictions (Garcia-Bellido & Celis, 1992) . The second and the third longitudinal wing veins are included in the anterior compartment, whereas the fourth and ®fth are included in the posterior one. Thompson et al. (1980) , studying the vein placement in a variety of wing-vein mutants, observed that the position of a vein can be displaced to compensate for loss of a vein in a nearby part of the wing. They noticed compensations aecting vein pairs in the same wing compartment, such as the second and third longitudinal veins, but also examples of vein interaction between the third and fourth longitudinal ones, which are located in dierent compartments of the wing. So, it is possible that a certain proportion of the correlated responses observed results from mechanisms of developmental homeostasis or geometric constraints, in which they automatically provide morphological compensation.
D'Arcy Thompson (1917) illustrated how the shape of one species can be derived from another by a simple geometric transformation. We might imagine starting from a circular wing and then increasing the major axis. Some correlations among the angles that determine the wing vein positions are predictable by such a process, but others are not. In other words, a general elongation might involve speci®c genes or developmental constraints, whereas other genes and/or environmental factors would act dierently.
